In this study novel transversal pneumatic artifi cial muscles (TPAM), made from composite -poly(dimethylsiloxane) (PDMS) matrix membrane and poly(ethylene terephthalate) (PET) satin reinforcement, are presented. Miniature TPAM consists of a fl exible internal braid (IB) reinforcing the membrane and the external braid (EB). EB, with fi bers arranged transversely to the IB, is placed laterally. Differently prepared TPAMs were tested for their effectiveness as actuators for robot drive and the PDMS/PET composite suitability was evaluated for applications in human gastrointestinal tract (chemical resistance, thermal characteristic). FT-IR spectra of the composite were compared for study PDMS impregnation process of PET satin and effect of immersion in selected solution. The composite shows outstanding biocompatibility and the muscles have competitive static load characteristics in comparison with other pneumatic artifi cial muscles (PAM). These results lead to believe, that in the near future painless examination of the gastrointestinal tract using a secure robot will be possible.
INTRODUCTION
Drive system is a necessary element of each robot. There are robots with pneumatic, hydraulic or the most widely used electric drive. Pneumatic and hydraulic actuators are used as a second source of energy, however, they also play an important role in the operation of robots. Pneumatic systems consist of three parts: system of preparing air, control system and actuators. Actuators are the pneumatic cylinders, where the pressure energy is produced by the working medium and converted into mechanical energy of linear, angular or curved motion. Interesting type of pneumatic actuator is Pneumatic Artifi cial Muscle (PAM).
PAM consists of a fl exible braid element, which is reinforced by membrane. Transfer of the mechanical power along the muscle is possible because of fi ttings attached to the membrane. PAMs are actuators operated by infl ating working medium, usually compressed air, into the membrane. Expansion of the muscle is caused by infl ation of the gas, contraction occurs in result of releasing gas (Fig. 1) . It is possible to control the force generated by the muscle by controlling a value of the pressure supplied to the muscle 1 . The best known and most widely used type of muscle is the McKibben muscle, which is made of infl atable rubber bladder stiffened with braided mesh nylon yarn. Filling muscle with compressed air causes deformation of the membrane, both the radial and longitudinal. The fi ttings at the ends of each muscle allow to obtain a movement and a pulling force, which depend of muscle contraction. McKibben muscles are able to work at pressures of 0.1-0.5 MPa. The maximum pressure value is determined by the strength of membrane materialtoo high pressure of the working medium can rupture the membrane. The pressure of the working medium will also affect on the force generated while operating muscle -the higher working pressure, the higher values of force are achieved 2 . Another type of muscles are Pleated Artifi cial Muscles. These muscles belong to braided muscle group and consist of a membrane with embedded core, which carries a tension. The membrane has plurality of folds arranged in the longitudinal direction. As a result of bringing the working medium to the muscle, the pleated material straightens out and dramatically shortens the muscle, while a large change in diameter is provided. Characteristics of these muscles depend on: the maximum length to minimum diameter ratio, deformation of the membrane material and a set pressure of the compressed air
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. Micro muscles created by Young Kwun Lee and Isao Shimoyama are based on the design of McKibben muscles. They have been designed in cooperation with Samsung, during the design of the artifi cial hand. To imitate the movement of a real hand, there were designed micro muscles for the drive, measuring 18 and 30 cm in length and 1 mm in diameter. Most attention was paid to the material aspects of braid and membrane. In particular, the structure distinguishes itself by softer material of a core, which allowed the muscle to perform more fl uid movements. Additionally, the use of special materials enabled reduction of the muscle, achieving a maximum force of 3.8 N for contraction at 21% for a pressure of 6 5 . The design of the micro muscles is simple and not timeconsuming, what allows the reduction of production costs. Also, it can be a decisive factor while choosing the kind of drive for pneumatic systems 6 . However, the miniaturization of the muscle reduces the shortening degree and the force exerted by the muscle.
Transversal PAMs represent an alternative to the previously used structures. These muscles, patented by the Institute of Machine Tools and Production Engineering at the Faculty of Mechanical Engineering at Lodz University of Technology, can eliminate the imperfections of other versions.
Miniature Transversal PAM (TPAM) consists of a fl exible internal braid (IB) reinforcing the membrane and the external braid (EB). EB, with fi bers arranged transversely to the IB is placed laterally. While resting, the IB is U-shaped, as shown in Figure 2a . When the gas is infl ated to a muscle, the IB bulges and changes a shape to cylindrical, as shown in Figure 2b .
Transition of IB's shape indicates reduction of a distance between ends of EB. Fittings attached to ends of an EB transfer a mechanical power across the muscle and allow for transversal displacement, without changing the length of the muscle
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. be categorized into three groups: gas-phase methods (including plasma oxidation, ultraviolet irradiation, chemical vapor deposition and metal compounds sputter coating), wet chemical methods (including deposition layer-by-layer, silanization, sol-gel coatings, dynamic modifi cation with surfactants and protein adsorption) and a combination of both ones. They allow to modify PDMS in various ways and obtain more specifi c materials for different applications 8 . PDMS is added to increase the biocompatibility of other polymers. Chaffi n et al. used segmented polyurethane multiblock polymers containing PDMS and polyether soft segments to form tough and easily processed thermoplastic elastomers (PDMS-urethanes), which are utilized in medical devices such as leads of defi brillator or pacemaker
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. PDMS is also attractive material for robotics. PDMS with 3% content of glass bubbles for neutral buoyancy was used to made passive membrane on trailing edges of pectoral fi ns in manta ray robot 10 . Another bio-inspired robot is gecko-like climbing robot, which has PDMS adhesive footpads 11 . There are also a few works about pneumatic or hydraulic actuators made of PDMS. Martinez et al. used PDMS with Ecofl ex 00-30 (another silicone elastomer) to form composite for PAM, which work as robotic tentacle. PDMS being more rigid than Ecofl ex, was more suitable for internal core with pneumatic channel 12 . Another PDMS pneumatic actuator was used for preparation of pneumatic micro fi ngers, which were parts of micro hand. The fi ngers were made of two PDMS sheets with balloon chamber between them. Swelling of the chamber generates bending motion of fi ngers 13 . Another actuator -microgripper using electro-rheological fl uid (ERF) was developed by Yoshida et al. It also contains PDMS movable chamber, which was chosen because of PDMS chemical robustness against working fl uids and fl exibility 14 . Another polymer, which shows biological and chemical inertness is poly(ethylene terephthalate) (PET). Studies of PET fi bers also prove their good thermal stability and mechanical properties. PET fi bers melting transition temperature is 245°C and its tensile modulus reaches a value of 2.21 GPa 15 . These properties make PET fi bers interesting solution for reinforcement in composite materials. Examples of PET reinforcement applications are fl exure layer in hexapod crawling robot 16 and 0.2 mm frame of wings in fl apping robots 17 . PET fi bers are also used as reinforcement in pneumatic actuators such PneuFlex 18 . PneuFlex is put inside PET reinforcement helix, which keeps constant diameter of actuator. Interesting results were obtained for fatigue life tests, which showed PET bladder with latex for pneumatic actuators (CleanCut ® ) is able to withstand more than 10 000 cycles 19 . This paper focuses on achieving relevant information about particular properties of the laminate, which is made of PDMS and PET satin (PDMS/PET). Chemical resistance to solutions of various pH and thermal characteristics (obtained using Vicat apparatus) of three compositions with different amount of cross-linker were examined. Changes in chemical structure of samples (after PET impregnation with PDMS and chemical exposition) Because of possibility of obtainment a wave motion while using TPAM, they are one of the conception of a drive in a robot used for investigation of human intestines. An additional advantage is the small volume of the muscles. This is signifi cant in case of a rupture of the muscle. While providing pressure of controlled value, the rupture will not cause injury to the patient.
Our goal was obtaining TPAM made of biocompatible materials, which also meet expectations providing proper functioning of the muscles. Recent advances in biomaterials and robotics are providing new opportunities for a variety of biological and medical applications. One of the most useful materials in this fi eld of application is poly(dimethylsiloxane) (PDMS). The popularity of PDMS results from its desirable properties. The highly crosslinked PDMS exhibits thermal stability and great chemical inertness. Consequence of PDMS chemical inertness is biocompatibility and non-toxicity. Equally important are tunable mechanical properties (dependent on the mixing ratio with cross-linking agent), easy fabrication, relative low cost and commercial availability of the PDMS. Furthermore, PDMS has more advantages, such as homogeneous and isotropic properties, porous structure and hydrophobic surface.
PDMS attractiveness also originates from possibilities of easy modifi cation of its surface. These methods can were investigated by FT-IR spectroscopy. Obtained data allowed to evaluate utility of PDMS/PET composite for TPAM and to choose composition of PDMS with optimal amount of TEOS for the best composite biocompatibility. Also contraction tests for TPAMs (made from PDMS/ PET in three different ways) were conducted.
MATERIAL
PDMS of analytical grade with viscosity 50.000 cst and tetraethyl orthosilicate (TEOS) of reagent grade were supplied from Aldrich, USA. PET satin was purchased from Jiaxing Dongtai Textile Factory, China. All reagents for the preparation of simulated body fl uid (SBF), simulated stomach acid (SSA) and solution of sodium bicarbonate with pH of pancreatic juice (SPJ) -NaCl, NaHCO 3 , KCl, K 2 HPO 4 . 
EXPERIMENTAL

Preparation of PDMS/PET samples for biocompatibility tests (chemical resistance, thermal characteristics and FT-IR)
Samples for biocompatibility tests were designed to meet tests expectations and simulate position of layers from our TPAMs. PDMS was mixed with TEOS in different weight ratio (100:2.6, 100:5, 100:10) and poured into a stainless steel molds (mold size -10.0 ±0. Rest of PDMS:TEOS mixtures was poured into mold to reach maximum depth of mold. PET satin was also impregnated with PDMS/TEOS mixture before sealing. Cross-linking of PDMS matrix was carried out in standard ambient temperature and pressure. Samples were removed from molds after 24 h. Shape of obtained samples is shown in Figure 3 . Optical microscopy image of prepared sample's cross-section is shown in Figure 4 .
Chemical resistance
The chemical resistance of PDMS/PET was studied using ASTM D 543-87 method 21 . Three solutions of different pH were prepared to simulate fl uids in human body. SSA is a solution of hydrochloric acid, adjusted to pH 1.5, which imitate stomach acid. SPJ adjusted to pH 8.4 allows to estimate infl uence of basic pancreatic juice. SBF based on Ohtsuki et al. recipe 22 simulates ion concentration of human blood plasma.
PDMS/PET samples were weighed and immersed in the mentioned above solutions. After 48 hours of exposition to the selected chemicals, samples were dried and weighed again. The percentage of weight change was determined using the following equation:
Weight changes for each combination of PDMS/ TEOS in each solution was measured for six samples and averaged.
Thermal characteristics
Thermal characteristics were obtained using HDT-VICAT 3-300 apparatus (Zwick/Roell, Germany) with CC-300BX bridge thermostat (Huber, Germany). Thermal characteristics were measured according to ISO 306 standard for Vicat softening temperature (VST), using method A120 (with 10 N load and heating rate 120°C/h). VST measurement is based on the determination of temperature, which allows blunt, steel needle with circular cross section 1 mm 2 to penetrate the test sample to a depth of 1 mm under defi ned load. Recommended thickness of the samples should be between 3 and 6.5 mm. Our samples were 5.0 ±0.2 mm thick with PET satin reinforcement at the depth of 2.5 ±0.2 mm from penetrated surface of sample. Position of PET satin was selected to avoid needle stoppage in reinforcement (for depth lower than 1 mm). Thermal characteristics in the range 30-130°C for six samples for each combination of PDMS/TEOS were averaged. Also reference samples made of cross-linked PDMS matrix without PET reinforcement were prepared according to recipe of preparation samples for biocompatibility tests.
Fourier transform infrared spectroscopy (FT-IR)
The FT-IR spectra were obtained by using FT-IR 175C spectrophotometer (BIORAD, USA) in an air atmosphere. Spectra of cross-linked PDMS and PET satin taken from composite was measured before and after immersion in the solutions. Also spectrum of PET satin was measured before impregnation with PDMS/ TEOS mixture to investigate effect of the impregnation.
Preparation of muscles
Obtaining a required shape of muscle is one of the most important elements of muscle production. It is necessary to get a proper U-like shape of inside braid of size 2.5 mm in diameter and 10 mm in length. The contraction of a TPAM was determined by the pressure level, the external load and the volume-to-length change of the muscle. Due to that, there was executed a research of references between force F achieved by changing a shape of a muscle and a shrinkage of a muscle h, while the value of pneumatic pressure was constant and equal to P = 0.1; 0.2; 0.3; 0.4 MPa. For each value of a pressure, there were fulfi lled the examination of a value of a force which is generated by the muscle by tensioning the EB. For each sample there were fulfi lled three tests. Based on a registered data, static load characteristics were plotted.
RESULTS AND DISCUSSION
Chemical resistance of PDMS/PET
We compared averaged weight changes for nine different combinations of sample composition and type of solution (Table 1 ). This comparison was made to ensure, that PDMS/PET is resistant to solutions found in human gastrointestinal tract.
All samples show very good or excellent chemical resistance for SSA, SBF and SPJ. None of weight gain/ loss is greater than 0.7% of original sample weight. It is very outstanding result due to the fact, that, in real applications, the material will not be exposed to interaction with examined solutions for so long time. Larger average weight changes, observed for samples with PDMS:TEOS (100:10), are probably a consequence of TEOS excess in PDMS matrix, which made that composition more vulnerable for the water solutions. Despite the fact, that chemical resistance of PDMS:TEOS (100:10) is still at an acceptable level, this composition will be rejected in further studies, to achieve the highest possible level of material bioresistance.
Thermal characteristics
Thermal characteristics of all compositions in the range 30-130°C (Fig. 8) was investigated. This range is wider than necessary one, but it was extended beyond the standard temperatures of human body and the highest temperature occurring during work of artifi cial muscles, to allow the reasonable estimation of the border conditions for the working composite. The obtained results were compared with the results for reference sample without PET satin.
Pure PDMS:TEOS matrix shows acceptable thermal resistance (54°C) for human body temperature range. The presence of PET satin in composite greatly improves its thermal resistance. This observation is in agreement and prevent from cleft of material. To achieve a fi nal shape of the muscle, it is needed to create a closed round shaped inside braid at fi rst. It is necessary for accessible placement in a mold, to obtain U-shaped inside braid. Without a pre-preparation, size of muscles will impede a proper production process. Achieving a closed round shape of muscle was possible by creating an overlap form the ends of the inside braid, as shown in Figure  6 . The advantage of that solution is strengthening the construction and preventing ruptures. There were two methods of creating the overlap -by imposing PDMS layer between the ends, or by connecting the ends of the inside braid with a ethyl 2-cyanopropenoate glue. Moreover, the construction of the muscle has to protect against uncontrolled displacement of inside braid. To obtain a durable connection between inside and outside braid, braids need to be attached to each other. It was obtained in a mold, by imposing another PDMS layer between braids, after a process of covering braids by PDMS and before closing of the mold.
The second construction was uniform -it did not contain a division into inside and outside braid. The muscle was produced from one piece of material. Overlap of inside braid and connection to outside braid were obtained by plait of the braid material, as shown in Figure 6 . This solution provides tightness of the construction, and precludes uncontrolled displacement of inside braid. Moreover, the implementation of this structure is easier and ensures proper PDMS impregnation of braids material.
Static load characteristics
There were conducted an experimental research of contraction for presented constructions of muscles to choose more effective structure. There were used muscles with the material softening temperature, which is about 230240°C 23 . PET satin works also as scaffold, which forbid the needle penetration and helps laminate to stay hermetic. Risk of muscle damage in human gastrointestinal tract is very low, but in rare case PDMS:TEOS matrix can be softened and damaged at external side. Presence of PET satin protects internal side, consequently material is still able to work as pneumatic muscle. Higher amount of TEOS in PDMS matrix results in higher thermal resistivity of laminate. Summarizing, all compositions with PET satin show VST higher than 130°C and have thermal characteristics appropriate for usage in artifi cial muscles.
FT-IR
PDMS:TEOS (100:5) shows the most promising properties, consequently this composition immersed in SBF was chosen as representative sample for FT-IR investigation. FT-IR spectrum of untreated PDMS:TEOS (100:5) was used as reference sample. Figure 9 shows comparison of the spectra.
In both spectra, all characteristic absorption bands for PDMS were observed: CH 3 24 . Similarity of the spectra was measured using QCheck tool (OMNIC software). QCheck degree of similarity between the spectra was 0.9964. It confi rm excellent chemical resistance of PDMS:TEOS (100:5) matrix.
Another FTIR spectra, compared to each other, are untreated PET satin and PET satin after PDMS:TE-OS (100:5) impregnation (Fig. 10) .
The with glued core (from 39% for 0.1 MPa, to 46% for 0.4 MPa), but generated forces similar to this solution and much higher than TPAM with PDMS core. Impregnated PET satin was compared to the same sample, which was also immersed in SBF (Fig. 11) .
QCheck degree of similarity between the spectra of was 0.9778. This result still allows to mark PET satin as material with high bioresistance, especially since differences in spectra originates from further PDMS:TEOS impregnation of PET, caused by SBF solution. Similar decreases and increases of peaks are observed, although they occur to a smaller extent.
Static load characteristics
The Figure 12 presents static characteristic of PAM with overlap of core and PDMS (PDMS core). The muscle deforms easily and small values of pressure are necessary to obtain high values of contraction. For pressure 0.1 MPa the shrinkage is 39% and for 0.4 MPa -55%. The force generated by muscle is small -maximum 5.9 N for 0.4 MPa.
Higher values of forces are achieved for TPAM with overlap of core glued with ethyl 2cyanopropenoate (glued core), which static characteristic is shown in Figure 13 . The higher rigidity, which enables obtaining higher values of forces, also affects contraction, when the values of shrinkage are 36% for 0.1 MPa and 41% for 0.4 MPa.
In Figure 14 , there is presented a static characteristic for uniform TPAM. Noticeable is, that this construction allows obtaining higher values of pressure than TPAM 
CONCLUSIONS
PDMS/PET performs perfectly as biocompatible composite. Biocompatibility was proved in bioresistance aspect (chemical resistance, FT-IR) and thermal-mechanical aspect (thermal and static load characteristics). While PDMS is responsible for chemical resistance and tightness, PET works as mechanical and thermal reinforcement. The best composite in the fi eld of biocompatibility is PDMS/PET with PDMS:TEOS weight ratio 100:5. Its FT-IR spectra allowed to investigate mechanism of impregnation and chemical resistance more closely. Results of the investigation did not undermine biocompatibility of the composite.
The construction of the muscle affects values of force and shrinkage obtained while fi lling muscle with compressed air. In solutions with overlap, the technology impacts on results, so it is possible to achieve high values of forces or shrinkage. The best results are achieved with last solution, Uniform TPAM, where high values of forces and shrinkage are achieved at the same time. Moreover, this solution provides tightness of the construction, what precludes uncontrolled displacement of inside braid or rupture of muscle.
TPAMs, because of their structure, size and biocompatibility, can be considered for use in robots for medical applications.
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